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Introduction

Platinum supported on carbon (Pt/C) is a widely used electrocatalyst for hydrogen evolution reaction (HER), owing to its low overpotential and enhanced stability in harsh environment [START_REF] Bai | Surface polarization matters: enhancing the hydrogen-evolution reaction by shrinking Pt shells in Pt-Pdgraphene stack structures[END_REF][START_REF] Zhang | Highly corrosion resistant platinum-niobium oxide-carbon nanotube electrodes for the oxygen reduction in PEM fuel cells[END_REF][START_REF] Yang | Confining Pt nanoparticles in porous carbon structures for achieving durable electrochemical performance[END_REF]. Despite these favorable properties, the extremely high price and low natural abundance have severely constrained Pt large-scale industrial application [START_REF] Lin | Hierarchical CoS/MoS 2 and Co 3 S 4 /MoS 2 /Ni 2 P nanotubes for efficient electrocatalytic hydrogen evolution in alkaline media[END_REF][START_REF] Ren | One-step hydrothermal synthesis of monolayer MoS 2 quantum dots for highly efficient electrocatalytic hydrogen evolution[END_REF][START_REF] Pang | CoO Promoted the Catalytic Activity of Nitrogen-doped MoS 2 Supported on Carbon Fiber Mats for Overall Water Splitting[END_REF]. In order to make fuel cells commercially viable, several strategies have been attempted through the reduction of Pt amount or using non-noble metal electrocatalysts without sacrificing their performance. The best performing non-noble metal electrocatalysts reported often contain a transition metal cation such Fe [START_REF] Liu | Interface engineering of (Ni, Fe)S 2 @MoS 2 heterostructures for synergetic electrochemical water splitting[END_REF][START_REF] Isarain-Chavez | Micelleassisted electrodeposition of mesoporous Fe-Pt smooth thin films and their electrocatalytic activity towards the hydrogen evolution reaction[END_REF], Co [START_REF] Dai | Hexagonal-phase cobalt monophosphosulfide for highly efficient overall water splitting[END_REF][START_REF] Liu | Aqueous synthesis of ultrathin platinum/non-noble metal alloy nanowires for enhanced hydrogen evolution activity[END_REF] or Ni [START_REF] Zhang | Crystal phase and architecture engineering of lotus-thalamus-shaped Pt-Ni anisotropic superstructures for highly efficient electrochemical hydrogen evolution[END_REF][START_REF] Kuang | In situ fabrication of Ni-Mo bimetal sulfide hybrid as an efficient electrocatalyst for hydrogen evolution over a wide pH range[END_REF]. Unfortunately, their Tafel slopes (thus kinetics) and overpotential values are still higher than those of common Pt-based catalysts for HER. To achieve low Tafel slopes and small overpotentials, high loadings of these non-precious catalysts are required [START_REF] Kemppainen | Scalability and feasibility of photoelectrochemical H 2 evolution: the ultimate limit of Pt nanoparticle as an HER catalyst[END_REF], preventing their widespread usage in fuel cells.

Reduction of Pt amount while preserving the electrocatalytic efficiency is another viable alternative. Over the past decade, countless attempts have been devoted to research for the reduction of the amount of Pt, which in turn allows reducing the cost [START_REF] Chaudhari | Pt-Cu based nanocrystals as promising catalysts for various electrocatalytic reactions[END_REF]. From the literature survey, introducing one or several different metals to contact with single-phase Pt nanomaterials has brought great hope to alleviate the above challenges, owing to their dramatic enhancement of the electrocatalytic properties and stability, as compared to single element Pt catalyst. For example, Sun and Chang demonstrated that ultrathin two-dimensional CoFePt alloy materials exhibited high catalytic activity towards the HER with an overpotential of 18 mV to achieve a current density of 10 mA cm -2 [START_REF] Zhang | Synthesis and performance optimization of ultrathin two-dimensional CoFePt alloy materials via in situ topotactic conversion for the hydrogen evolution reaction[END_REF]. Liang et al.

demonstrated that tuning the atomic segregation of Pt-Ni catalysts represents an effective way to optimize their H and OH adsorption abilities, thus enhancing the alkaline HER performance [START_REF] Zhang | The OH --driven synthesis of Pt-Ni nanocatalysts with atomic segregation for alkaline hydrogen evolution reaction[END_REF]. Liu et al. prepared controlled Pt monolayer catalyst on complex 3D structures for superior HER [START_REF] Pang | Controlled Pt monolayer fabrication on complex carbon fiber structures for superior catalytic applications[END_REF][START_REF] Pang | Monolayer-by-monolayer growth of platinum films on complex carbon fiber paper structure[END_REF][START_REF] Li | Pt monolayer coating on complex network substrate with high catalytic activity for the hydrogen evolution reaction[END_REF]. In general, in most of these methods, a similar strategy was adopted, consisting of Pt loading onto large specific surface area materials and highly dispersible nanomaterials with the aim to reduce the Pt amount [START_REF] Chi | N-Doped sandwich-structured Mo 2 C@C@Pt interface with ultralow Pt loading for pH-universal hydrogen evolution reaction[END_REF][START_REF] Liao | Nanosponge Pt modified graphene nanocomposites using silicon monoxides as a reducing agent: High efficient electrocatalysts for hydrogen evolution[END_REF][START_REF] Shang | Pt-C interfaces based on electronegativity-functionalized hollow carbon spheres for highly efficient hydrogen evolution[END_REF][START_REF] Theerthagiri | Highly electroactive Ni pyrophosphate/Pt catalyst toward hydrogen evolution reaction[END_REF][START_REF] Zhang | Pt-Based electrocatalysts with high atom utilization efficiency: from nanostructures to single atoms[END_REF]. However, these approaches need strict technical requirements and are associated with expensive production costs. Additionally, the low stability of these catalysts also restricts their performance for fuel cell applications, because this could eventually lead to a substantial catalytic activity loss, meaning that these catalysts need to be replaced soon upon their utilization. In order to increase the efficiency, the electrocatalyst should exhibit good stability, high activity, and low cost.

In this study, we describe the synthesis of high-performance Platinum-Ruthenium (Pt-Ru) nanoparticles loaded on sulphur-and nitrogen-co-doped crumbled graphene derived from polyethylenedioxythiophene with trace amount of Fe (PF) [START_REF] Bhange | Nitrogen and sulphur co-doped crumbled graphene for the oxygen reduction reaction with improved activity and stability in acidic medium[END_REF]. These catalysts have several merits as the amount of Pt used was reduced to a minimum, and Ru being relatively cheap (~ 4% of Pt) and displaying a comparable bond strength for hydrogen as Pt. PF was investigated as the support, owing to its corrosion resistance and high surface area (Fig. 1). Interestingly, the PtRu 2 /PF catalyst, with a small amount of Pt, displayed improved performance than the catalyst with higher Pt loading (PtRu/PF) for catalyzing HER under acidic conditions.

Additionally, the catalyst also had an excellent performance for oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) in alkaline media compared to many reported noble-metal catalysts. 

Experimental Part

Materials

Ruthenium (III) chloride (RuCl 3 ), potassium tetrachloroplatinate(II) (K 2 PtCl 4 ), iron chloride hexahydrate (FeCl 

Preparation of sulphur-and nitrogen-co-doped crumbled graphene with trace amounts of iron (PF)

Sulphur-and nitrogen-co-doped crumbled graphene with trace amounts of iron (PF) was prepared according to a previously reported procedure [START_REF] Bhange | Nitrogen and sulphur co-doped crumbled graphene for the oxygen reduction reaction with improved activity and stability in acidic medium[END_REF]. Briefly, 2 mL of EDOT monomer were dissolved in 80 mL of 1 M HCl solution using 1 g of CTAB surfactant at room temperature. A solution of 5 g of (NH 4 ) 2 S 2 O 8 in 20 mL of 1 M HCl was added dropwise to the EDOT solution, followed by the addition of 9.1 g of FeCl 

Results and discussion

Synthesis and characterization of Pt m Ru n /PF electrocatalysts

The sulphur-and nitrogen-co-doped crumbled graphene with trace amounts of iron (PF)

was prepared according to a previously reported procedure [START_REF] Bhange | Nitrogen and sulphur co-doped crumbled graphene for the oxygen reduction reaction with improved activity and stability in acidic medium[END_REF]. Then a mixture of n mg of RuCl 3 (n=30, 20, 15, 0), m mg of K 2 PtCl 4 (m=0, 10, 15, 30), 60 mg of prepared PF, 36 mL of DMF, and 9 mL of methanol was heated for 15 h at 160 °C. The products (using the original mass ratio of K 2 PtCl 4 and RuCl 3 named as Pt m Ru n /PF) were collected and dried at 60 °C for overnight. The electrocatalytic activity of the obtained catalysts was assessed for HER in acidic medium. The results revealed that PtRu 2 /PF was the most performing material.

Therefore, this electrocatalyst was characterized in details throughout this work.

Scanning electron microscopy (SEM) was applied to analyze the microstructure of PF and PtRu 2 /PF samples. After deposition of Pt and Ru, no obvious change of the surface morphology of PF could be seen. This is most likely ascribed to the small size of Pt and Ru particles (Fig. 2a and2b). At the same time, small amounts of Pt and Ru are loaded onto the surface of PF substrate or intercalated into PF layers. Additionally, the edges of graphene sheets from the PF were further observed from the transmission electron microscopy (TEM) images. (PDF 87-0646), respectively (Fig. 2d). Figure 2e shows a transparent graphene sheet structure, implying that no large particles were formed under these experimental conditions.

Furthermore, energy-dispersive X-ray spectroscopy (EDX) mapping was performed to study the distribution of the C, N, S, Fe, Ru and Pt elements in PtRu 2 /PF sample. All the mapping images (Fig. 2f-k) present the same profile as that shown in the rectangular area (Fig. 2e),

indicating that these elements are homogeneously distributed on the PF surface. In addition, the spots originating from Pt particles are fairly less as compared to Ru particles, and are spread randomly throughout the PF, suggesting that the Pt content is lower than that of Ru, and Ru and Pt are finely dispersed (Fig. 2j and2k). and Pt 2+ , respectively [START_REF] Kim | Effect of surface oxygen functionalization of carbon support on the activity and durability of Pt/C catalysts for the oxygen reduction reaction[END_REF]. In the C 1s and Ru 3d XPS core level spectrum (Fig. 3e), the bands at 279.9 and 283.6 eV can be attributed to Ru 3d5/2 and Ru 3d3/2 of Ru(0), respectively [START_REF]ar, Nanoceria-supported ruthenium (0) nanoparticles: Highly active and stable catalysts for hydrogen evolution from water[END_REF]. The C 1s peak can be curve-fitted with three peaks centered at 284. In addition, the average precious metal mass per square centimeter of the working electrode is 4.0 µg/cm 2 for Pt and 10.4 µg/cm 2 for Ru.

Electrocatalytic activity for the hydrogen evolution reaction (HER)

The electrocatalytic HER activity of the synthesized Pt-based catalysts (PF, Ru/PF, PtRu 2 /PF,PtRu/PF,Pt/PF and 20% Pt/C) was assessed in H 2 SO 4 (0.5 M) aqueous solution using linear sweep voltammetry (LSV) measurements (Fig. 4a). For comparison to the literature, the measured potentials were converted to that relative to the reversible hydrogen electrode (RHE) according to equation 1:

= + 0.059 × pH (1) 
pH = 0 and E °Ag/AgCl = 0.2046 V (25°C).

From the first sight, it seems that the investigated catalysts are very effective for hydrogen evolution. This is clear from their low HER onset potential (E HER , the potential at which the current starts to rise and a reaction starts to take place) values ( to achieve a current density of -10 mA•cm -2 (η 10 ), an important electrochemical parameter to evaluate and compare the HER performance of electrocatalysts [START_REF] Benson | Electrocatalytic hydrogen evolution reaction on edges of a few layer molybdenum disulfide nanodots[END_REF], was determined for all investigated materials. For instance, PtRu 2 /PF recorded η 10 value of 22 mV, which is comparable to that determined for PtRu/PF (22 mV) and 20% Pt/C (30 mV). This anodic shift in E HER refers generally to accelerated HER kinetics at low overpotentials [START_REF] Zhu | A metallic MoS 2 nanosheet array on graphene-protected Ni foam as a highly efficient electrocatalytic hydrogen evolution cathode[END_REF]. Therefore, the results confirm the superior HER activity of the PtRu 2 /PF catalyst.

The active drift in E HER is also translated into increased exchange current density (J o ), i.e., enhanced HER kinetics [START_REF] Safizadeh | Electrocatalysis developments for hydrogen evolution reaction in alkaline solutions-A Review[END_REF]. This is clear from Table S1; the promising catalytic activity of PtRu 2 /PF catalyst was also confirmed, as it recorded enhanced J o value among the tested catalysts. The Tafel slope (β c ), calculated via fitting the linear segments of the Tafel plots, gives a good measure of the intrinsic properties of electrocatalytic materials [START_REF] Fang | Tafel kinetics of electrocatalytic reactions: from experiment to first-principles[END_REF]. As shown in Figure 4b, Pt/PF and Ru/PF catalysts recorded β c values of 32 and 64 mV dec -1 , respectively, which are very close to those reported for Pt/C (30 mV dec -1 ) and Ru/MeOH/THF (46 mV dec -1 ) [START_REF] Drouet | A porous Ru nanomaterial as an efficient electrocatalyst for the hydrogen evolution reaction under acidic and neutral conditions[END_REF]. In contrast, a high β c value of 340 mV dec -1 was measured for PF, revealing its inferior catalytic activity. For PtRu 2 /PF and PtRu/PF catalysts, the measured β c values are around 30 mV dec -1 , signifying much improved HER activity, as lower β c values reveal increased number of catalytically active sites [START_REF] Murthy | Insights on Tafel constant in the analysis of hydrogen evolution reaction[END_REF].

The overall HER reaction mechanism in acidic media could occur through a discharge step (Volmer-reaction, 120 mVdec -1 ), followed by ion or atom reaction (Heyrovsky reaction, 40 mV dec -1 ) or a combination reaction (Tafel reaction, 30 mV dec -1 ) [START_REF] Lin | Tafel-Volmer electrode reactions: the influence of electron-transfer kinetics[END_REF]. It was proposed that, at a very high surface coverage of adsorbed hydrogen (H ads ), the HER on the Pt surface is controlled by Volmer-Tafel mechanism, with the recombination step being the slowest (ratedetermining) step, as evidenced from the recorded Tafel slope (30 mV dec -1 ) [START_REF] Ren | Ultrafine Pt nanoparticles decorated MoS 2 nanosheets with significantly improved hydrogen evolution activity[END_REF]. Based on this, the small Tafel slope (~30 mV dec -1 ) recorded for PtRu 2 /PF and PtRu/PF catalysts suggests a HER mechanism similar to that occurred on Pt.

The Electrochemical Impedance Spectroscopy (EIS) studies corroborate previously presented results (Fig. S1). The Bode plots (Fig. S1a,b) reveal the presence of two relaxation times. The total impedance |Z| remains the smallest for analyzed Ru-enriched materials, with negligible differences between PtRu/PF and PtRu 2 /PF samples. On the other hand, its value is nearly an order of magnitude higher for Pt/PF sample at a wide frequency range. Both PtRu/PF and PtRu 2 /PF electrodes demonstrate a decrease of the phase angle and a shift into higher frequency range as compared to Pt/PF electrode, testifying the enhanced electron transfer kinetics. In addition, the charge transfer kinetics appears to be the most sluggish through the Ru/Pt electrodes. Similar characteristics are often seen when studying the catalysts at increased overpotentials [START_REF] Liao | A nanoporous molybdenum carbide nanowire as an electrocatalyst for hydrogen evolution reaction[END_REF][START_REF] Shervedani | Kinetics of hydrogen evolution reaction on nanocrystalline electrodeposited Ni 62 Fe 35 C 3 cathode in alkaline solution by electrochemical impedance spectroscopy[END_REF].

The Nyquist plots in Figure 4c confirm the above conclusions. The high frequency semicircle present on the analyzed spectra reflects the charge transfer process of hydrogen evolution reaction [START_REF] Shervedani | Kinetics of hydrogen evolution reaction on nanocrystalline electrodeposited Ni 62 Fe 35 C 3 cathode in alkaline solution by electrochemical impedance spectroscopy[END_REF][START_REF] Kalasapurayilkunhiraman | Efficient hydrogen evolution catalysis triggered by electrochemically anchored platinum nano-islands on functionalized-MWCNT[END_REF]. The inclined line, at low frequencies, indicates the electron diffusion behavior on the electrode interface, representative of a diffusion-controlled process [START_REF] Sun | Earth-rich transition metal phosphide for energy conversion and storage[END_REF][START_REF] Farsa | The electrocatalytic properties of lithium copper composite in the oxygen reduction reaction[END_REF][START_REF] Telli | Investigation of noble metal loading CoWZn electrode for HER[END_REF]. The value of the charge transfer resistance R ct was determined to be ~15 and 20

/cm 2 for PtRu/PF and PtRu 2 /PF electrodes, respectively [START_REF] Orazem | Enhanced graphical representation of electrochemical impedance data[END_REF]. For comparison, the R ct of Rufree Pt/PF electrode was roughly 800 /cm 2 . The significant decrease of the charge transfer resistance as a result of Ru incorporation testifies the faster reaction rates and the enhanced electrocatalytic properties of the material. The enhanced activity towards HER resulting from Ru incorporation was also reported in previous studies [START_REF] Fan | Nanodiamond supported Ru nanoparticles as an effective catalyst for hydrogen evolution from hydrolysis of ammonia borane[END_REF]. The reduced R ct of PtRu 2 /PF and PtRu/PF may be explained by the interaction and synergy of the two metals. The better electron transfer ability of PtRu 2 /PF and PtRu/PF are also expected to contribute to their enhanced HER catalytic activity [START_REF] Diez-Garcia | Investigating water splitting with CaFe 2 O 4 photocathodes by electrochemical impedance spectroscopy[END_REF].

The stability is an important feature for the HER catalysts. Therefore, the stability of PtRu 2 /PF and 20% Pt/C catalysts was assessed at a controlled current density (J = -10 mA•cm - 2 ) for 15 h in H 2 SO 4 (0.5 M) aqueous solution (Fig. 4d); the overpotential of the PtRu 2 /PF catalyst was more stable than that of 20% Pt/C under our experimental conditions, suggesting its good stability [START_REF] Pang | Controlled Pt monolayer fabrication on complex carbon fiber structures for superior catalytic applications[END_REF][START_REF] Liao | Nanosponge Pt modified graphene nanocomposites using silicon monoxides as a reducing agent: High efficient electrocatalysts for hydrogen evolution[END_REF].

The electrochemical active surface area (ECSA) of these catalysts was estimated from cyclic voltammetry (CV) measurements, conducted in H 2 SO 4 (0.5 M) aqueous solution at various potential scan rates (ca. 30 -80 mV s -1 ) from 0.15 to 0.45 V vs. RHE (Fig. S2 a-e).

The CVs display a pseudo-rectangular shape without any apparent Faradic processes. The current density values, determined at 0.30 V (vs. RHE) from the CV, were then plotted as a function of the scan rate. From the results in Fig. S2f, the C dl of PtRu 2 /PF and PtRu/PF were determined to be as 38 and 37 mF cm -2 , larger than the other catalysts: Pt/PF (24 mF cm -2 ), Ru/PF (16 mF cm -2 ) and PF (8 mF cm -2 ). A higher C dl value correlates with more exposed active sites, which is favorable for electrochemical processes. From the above results, we can conclude that PtRu 2 /PF exhibits more active sites than PtRu/PF [START_REF] Benck | Amorphous molybdenum sulfide catalysts for electrochemical hydrogen production: insights into the origin of their catalytic activity[END_REF]. The values of C dl were inserted in Eq. ( 2) to calculate the ECSA values [START_REF] Kibsgaard | Molybdenum phosphosulfide: an active, acid-stable, earth-abundant catalyst for the hydrogen evolution reaction[END_REF]:

(

C s is the electrode's specific capacitance with a flat standard surface area of 1.0 cm -2 , typically between 20 and 60 μF cm -2 [START_REF] Kibsgaard | Molybdenum phosphosulfide: an active, acid-stable, earth-abundant catalyst for the hydrogen evolution reaction[END_REF]. Using 40 μF cm -2 as the averaged capacitance value for the flat electrode, ECSA values of 200, 400, 600, 925 and 950 sites per cm 2 were calculated for PF, Ru/PF, Pt/PF, PtRu/PF and PtRu 2 /PF, respectively. 

Active sites density calculations

N A = 6.022×10 23 mol -1 is the Avogadro's number, the number 2 is the stoichiometric number of electrons consumed during the HER reaction, and F is the Faraday constant (96485 C/mol).

Q is the net voltammetry charge of the catalyst, estimated via subtracting charges resulting from the bare PF electrode (the black cyclic voltammogram in Fig. 5). Q values of 4.05×10 -2 and 5.8×10 -2 C were recorded for PtRu/PF and PtRu 2 /PF catalysts, respectively. Inserting such Q values into Eq. ( 3) gives n values of 1.26×10 17 and 1.81×10 17 Ru sites per cm 2 , respectively.

The averaged area (A average ) to find one Ru center (cm 2 per site) can be calculated via dividing the PtRu/PF and PtRu 2 /PF catalysts' ECSA values by the value of n (Ru sites per cm 2 ). This gives A average values of 7.34×10 -15 and 5.25×10 -15 cm 2 per Ru for PtRu/PF and PtRu 2 /PF, respectively. The reciprocal of A average per site yields the active sites density (sites / cm 2 ) [START_REF] Sabhapathy | Highly efficient nitrogen and carbon coordinated N-Co-C electrocatalysts on reduced grapheme oxide derived from vitamin-B12 for the hydrogen evolution reaction[END_REF]. Based on this, active sites density values of 1.36×10 13 and 1.9×10 14 sites/cm 2 were estimated for PtRu/PF and PtRu 2 /PF, respectively. Following the same sequence of calculations for the two catalysts with the individual active materials, namely Ru/PF and Pt/PF (where Q values of 0.88×10 -3 and 1.36×10 -3 C were recorded for Ru/PF and Pt/PF, respectively) gave active sites density values of 6.89×10 11 and 7.04×10 12 sites/cm 2 , respectively. These results provide an additional evidence for the effective catalytic impact of Ru in the PtRu/PF catalyst, which further enhanced with increasing Ru content, as in the PtRu 2 /PF catalyst which exhibited the best catalytic performance amongst. 

Oxygen evolution reaction (OER)

Oxygen evolution reaction (OER) and oxygen reduction reaction (ORR) are also the key processes in electrochemical energy storage and energy conversion applications. In this line, the electrocatalytic performance of PtRu 

Conclusion

We have successfully assessed the ultimate limit of Pt in PtRu/PF catalystsvia a facile hydrothermal approach. The high dispersibility and bimetallic synergy make the PtRu 2 /PF catalyst have an outstanding HER electrocatalytic activity in acid conditions, considerably better than those reported using a regular Pt-based and commercial 20% Pt/C catalysts.

Furthermore, the PtRu 2 /PF displayed excellent ORR performance with an onset potential of 0.96 V vs. RHE, and a limit current density of 6.5 mA•cm -2 , which is better than that of commercial 20% Pt/C (5.3 mA•cm -2 ). Additionally, the PtRu 2 /PF also has a superior OER activity. Given that Pt is the most commonly investigated catalyst for many catalytic applications, the results obtained in the present study provide an interesting alternative route to prepare Pt-based catalysts with minimal Pt loading and enhanced electrocatalytic activity.

This holds promise for the development of highly efficient and cost-effective electrocatalysts for various electrocatalytic applications.

Figure 1 .

 1 Figure 1. Fabrication process of Pt and Ru nanoparticles supported on sulphur-and nitrogen-

Figure 2 .

 2 Figure 2. Typical SEM images of (a) PF and (b) PtRu 2 /PF, (c) TEM and (d) HRTEM images

  Figure 2c depicts the high-resolution TEM image of PtRu 2 /PF. It shows a uniform structure consisting of thin graphene sheets, and not many large particles are found. Small nanoparticles (2-3 nm) of Ru and Pt can be easily identified with lattice spacings of 0.205, 0.211 and 0.226 nm, which are consistent with the (101) and (002) facets of the Ru 0 crystal (PDF 06-0663) and the (111) facet of the Pt 0 crystal

Figure 1 (

 1 Figure 3a depicts the X-ray diffraction (XRD) patterns of PF and PtRu 2 /PF

Figure 3 .

 3 Figure 3. (a) XRD patterns, and (b) Raman spectra of PF and PtRu 2 /PF. (c) XPS full scan

Figure 4 .

 4 Figure 4. Electrochemical characterization. (a) HER polarization curves, scan rate = 20 mV s - 1 , (b) Tafel plots, (c) EIS Nyquist plots of the different electrocatalysts recorded over the

Figure 5

 5 Figure 5 depicts typical cyclic voltammetry measurements for PF, Ru/PF, Pt/PF, PtRu/PF,

Figure 5 .

 5 Figure 5. Cyclic voltammograms of the synthesized catalysts acquired in the 0.15 ~ 0.45 V potential range vs. RHE in H 2 SO 4 (0.5 M) aqueous solution; scan rate=100 mV s -1 at room

Furthermore, we performed

  the rotating disk electrode (RDE) polarization curves of the PtRu 2 /PF catalyst in KOH (0.1 M) to gain more insights about the ORR kinetics and catalytic mechanism in alkaline medium from 400-2000 rpm (Fig.6d). The limit current density increases from 3.4 to 7.7 mA•cm -2 as the rotating speed was varied from 400 to 2000 rpm; it is well established that the high speeds shorten the O 2 diffusion distance in the O 2 -saturated electrolyte. The corresponding Koutecky-Levich (K-L) plots (Fig.6e) within the 0.3 to 0.7 V potential range vs. RHE displayed good linearity, which confirms first-order reaction kinetics, and the number of electrons transferred (n) during the reaction are the same at different potentials. Additionally, the determined value of n is 3.9 ~ 4.1 over the investigated potential window, suggest that the PtRu 2 /PF catalyst follows the 4 electrons-transfer pathway, which corresponds to a complete reduction of oxygen into water and only little peroxide is formed.

Figure 6f summarizes

  Figure 6f summarizes the ORR [52-59] kinetic data of recent electrodes in 0.1M KOH

Figure 6 .

 6 Figure 6. (a) OER polarization curves of Ru/PF, PtRu 2 /PF, PtRu/PF, Pt/PF, and commercial

  [START_REF] Yang | Confining Pt nanoparticles in porous carbon structures for achieving durable electrochemical performance[END_REF] 

2.3 Preparation of Pt m /Ru n /PF electrocatalysts 60

  mg of PF were dispersed in 36 mL of DMF and 9 mL of methanol by sonication for 30 min. In this reaction, DMF and methanol act as stabilizing and dispersing agents, respectively.

	Then a mixture of n mg of RuCl 3 (n=30, 20, 15, 0) and m mg of K 2 PtCl 4 (m=0, 10, 15, 30)
	were added into the solution under vigorous stirring. The resulting mixture was transferred
	into a Teflon-lined stainless-steel vessel (50 mL) and heated for 15 h at 160 °C. The products
	(Pt m Ru n /PF) were collected by centrifugation, washed with methanol (three times) and dried
	at 60 °C for overnight.
	3 •6H 2 O solution in 20 mL of 1 M
	HCl solution. The resulting mixture was kept under constant stirring for a period of 24 h. The
	suspension containing the polymer and transition metal salt was dried at 80 o C with stirring.
	This product was termed as PEDOT-Fe. The PEDOT-Fe was subsequently annealed for 1 h at
	900 o C in an argon atmosphere for the carbonization. The resulting black colored powder was
	dispersed in 0.5 M H 2 SO 4 and stirred at 80 o C for 8 h to remove residual Fe. The acid-washed
	sample was further annealed at 900 o C for 1 h in Ar atmosphere to yield the final product. The
	product, named as PF, represents the annealed PEDOT-Fe.

  [START_REF] Ren | One-step hydrothermal synthesis of monolayer MoS 2 quantum dots for highly efficient electrocatalytic hydrogen evolution[END_REF] 286.1 and 287.6 eV, corresponding to the C=C/C-C, C-O and C=O bonds, respectively. The core level XPS spectrum of the Ru 3p can be curve-fitted with two bands at 461.4 and 483.8 eV, respectively (Fig.3f), confirming the metallic character of Ru(0) in PtRu 2 /PF nanocomposite[START_REF] Shi | Upgrading of aromatic compounds in bio-oil over ultrathin graphene encapsulated Ru nanoparticles[END_REF].To further determine the Pt and Ru content in the PtRu 2 /PF sample, we performed inductive coupled plasma emission spectrometry (ICP-AES) measurements. The results confirmed the prevalence of Ru (72.4 mg/g) over Pt(28.3 mg/g) content in the PtRu 2 /PF sample. The Ru/Pt mass ratio is ~2.6, which is slightly higher than the theoretical value of 2.

Table S1 )

 S1 and steep cathode polarization curves beyond E HER . The results identified that the PtRu 2 /PF, PtRu/PF, Pt/PF and 20% Pt/C catalysts exhibited low E HER values, all around -0.01 V RHE , and high cathode currents beyond E HER . These findings reveal the ability of these catalysts to generate significant amount of hydrogen gas at low overpotentials, thus reflecting their high catalytic HER activity. On the contrary, Ru/PF and PF exhibited inferior catalytic activity for the HER, as they recorded significantly higher E HER , namely -0.06 and -0.16 V RHE , respectively. Moreover, by comparing the current density changes at any applied overpotential, the PtRu 2 /PF exhibited clear advantages over the potential range from 0.05 to -0.30 V RHE . For instance, the PtRu 2 /PF catalyst achieved a current density of -75 mA•cm -2 at E = -0.1 V RHE , higher than that derived from the PtRu/PF catalyst (-58 mA•cm -2 ) at the same overpotential.

The current densities from other catalysts, namely PF, Ru/PF, Pt/PF and 20% Pt/C are markedly much smaller: -0.5, -12, -44 and -57 mA•cm -2 , respectively. At any given current density, the overpotential was shifted toward less negative values (active direction), following the sequence: Ru/PF > Pt/PF > 20% Pt/C ≥ PtRu/PF ≥ PtRu 2 /PF. The overpotential necessary

  These results reveal the promising OER catalytic performance of PtPtRu/PF and PtPtRu 2 /PF catalysts thus, highlighting the effective catalytic influence of Ru on the OER too. According to the literature, the OER mechanism in alkaline electrolytes over a OH  adsorption on S* is found to play a fundamental role in enhancing the OER kinetics. Such catalytically active site (S*) is proven to accelerate the adsorption and desorption of the OH  anions[START_REF] Suen | Electrocatalysis for the Oxygen Evolution Reaction: Recent Development and Future Perspectives[END_REF]. Electrochemical characterizations shown above revealed the efficacious catalytic role of Ru in the PtRu/PF catalyst, which further enhanced with increase in Ru content, in accelerating the OER kinetics. Based on this, the Ru atoms in the PtRu/PF catalyst are expected to act as active catalytic sites for the OER via hastening the adsorption and desorption of the OH -anions. This, in turn, boosts the kinetics of the OER, resulting in reduced Tafel slopes values[START_REF] Suen | Electrocatalysis for the Oxygen Evolution Reaction: Recent Development and Future Perspectives[END_REF]. PtRu/PF and PtRu 2 /PF catalysts recorded reduced Tafel slope values of 79 mV dec -1 . This value is very close to that measured here for the OER stateof-the-art electrocatalyst, namely RuO 2 (78 mV dec -1 ), suggesting fast OER kinetics on PtRu/PF and PtRu 2 /PF catalysts. .143 × 10 -3 g cm 2 . Pt/PF, Ru/PF, PtRu/PF, and PtRu 2 /PF catalysts generated an anodic current density of 0.057, 0.094, 0.16, 0.18 A cm 2 at 1.8 V vs. RHE, respectively.Based on this, OER mass activities of 398.6, 657.3, 1119, and 1259 A g 1 were calculated for Pt/PF, Ru/PF, PtRu/PF, and PtRu 2 /PF catalysts, respectively. The PtRu/PF, and PtRu 2 /PF catalysts's mass activities (1119, and 1259 A g 1 @ 1.8 V vs. RHE) exceeded that of the stateof-the-art RuO 2 catalyst (807 A g 1 , with 0.115 A cm 2 generated @ 1.8 V vs. RHE), thus confirming the outstanding catalytic activity of the PtRu/PF, and PtRu 2 /PF catalysts for the OER.The LSV measurements were also conducted in O 2 -saturated KOH (0.1 M) electrolyte without rotation at a sweeping rate of 20 mV s -1 (Fig.6c). The PtRu 2 /PF displayed the highest current intensity and onset potential among all the catalysts. The onset potential (E onset ) is regarded as the potential recorded at a current density of -1 mA cm -2 in the LSV. The E onset of PtRu

	current density. catalytically active site (S*) can be represented by Eqs. 4-7 [51].	
	OH -+ S* → S*OH + e -	(4)
	S*OH + OH -→ S*O -+ H 2 O	(5)
	S*O -→ S*O + e -	(6)
	S*O + S*O → S* + S* + O 2	(7)
	2 /PF catalyst was investigated for OER in KOH (1.0
	M) aqueous solution. Figure 6a depicts the LSV curves of Ru/PF, PtRu 2 /PF, PtRu/PF, Pt/PF
	and commercial 20% Pt/C catalysts at 5 mV s -1 . In comparison with Ru/PF (305 mV), Pt/PF The PtRu/PF and PtRu 2 /PF catalysts' OER mass activities were also calculated to further
	(390 mV) and RuO 2 (280 mV) catalysts at 10 mA cm -2 , PtPtRu/PF and PtPtRu 2 /PF catalysts confirm their outstanding catalytic performance compared with the other tested
	achieved enhanced OER activity with overpotential values close to 270 mV at the same

electrocatalysts. Mass activity of the OER is given by the ratio j/c, where j is the current density produced at a specific potential and c is the catalyst loading density on the GC electrode, 02 /PF (0.96 V) is positive than those of PtRu/PF (0.93 V), Pt/PF catalyst (0.92 V), 20% Pt/C (0.94 V), and Ru/PF (0.91 V) vs. RHE.
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